Introduction
In humans, the two isoforms of eukaryotic translation initiation factor 5A (eIF5A), eIF5A1 and eIF5A2, are the only two eukaryotic proteins that undergo a post-translational modification coined hypusination. This unique modification involves the unusual amino acid hypusine, and is mediated by two highly conserved and essential enzymes, deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH) (Park et al. 1993a (Park et al. , b, 2010 (Fig. 1) . First, the 4-aminobutyl moiety of the polyamine spermidine is transferred to the epsilon amino group of a specific eIF5A lysine residue (lysine-50 in human eIF5A) by DHPS to form deoxyhypusinated eIF5A. Second, deoxyhypusine is hydroxylated by DOHH to generate hypusinated eIF5A. Like DHPS and DOHH, eIF5A is also conserved in all eukaryotes, underscoring its importance for development, growth and survival. Polyamines are derived from the amino acids ornithine and methionine, and their cellular levels are tightly regulated through polyamine biosynthesis, catabolism and transport (Miller-Fleming et al. 2015) . Notably, increased polyamine levels are observed in most tumor types, and elevated polyamines have also been reported in the urine and blood of cancer patients (Durie et al. 1977; Russell 1971) .
EIF5A1 and eIF5A2 proteins have 84 % homology, yet these isoforms have distinct patterns of expression, where eIF5A2 is expressed in select tissues, such as the brain and testis, while eIF5A1 is ubiquitously expressed. Furthermore, the eIF5A2 gene is located in chromosome 3q26.2, a region that is frequently amplified in lung squamous, ovarian, esophageal, gastric, bladder, colorectal, breast, pancreatic and liver cancers.
EIF5A was first identified as one of the general translation initiation factors (Benne et al. 1978) , where it was thought to function in the formation of the first peptide bond. However, subsequent studies established that eIF5A functions as an elongation factor. Furthermore, even early work investigating eIF5A indicated that it was not absolutely required for general protein synthesis, but was rather necessary for the translation of select mRNA subsets (Kang and Hershey 1994) . For example, a conditional eIF5A mutant yeast strain that had marked inhibition of growth had only mild effects on the overall protein synthesis. Two decades later, this early observation has now been explained by two recent breakthrough studies that established the bacteria ortholog of eIF5A, EF-P, is required for the efficient translation of mRNAs-containing poly-Proline (Pro) motifs (Doerfel et al. 2013; Ude et al. 2013) . Specifically, although EF-P does not undergo hypusination, it is also post-translationally modified at a specific lysine residue (lysine-34 of E. coli EF-P) to generate β-lysyl hydroxylysine, and β-lysylation is required for EF-P function (Bullwinkle et al. 2013; Park et al. 2012) . Notably, this function is conserved for eukaryotic eIF5A, where hypusination of eIF5A is necessary for the translation of mRNAs containing consecutive Pro codons (Gutierrez et al. 2013) .
EIF5A is increasingly recognized as a critical regulator of tumor cell growth. Furthermore, some eIF5A translational targets appear to directly link eIF5A to tumor development and identifying such targets will advance our knowledge of the roles of hypusination in cancer. This Mini Review focuses on recent insights into the role of polyamine-hypusine circuit in tumorigenesis, with emphasis on its functions that are associated with the tumor progression. Furthermore, we discuss the possibility of targeting the hypusine circuit for cancer therapeutics.
Clinical correlations
The expression of eIF5A1 and eIF5A2 is highly correlated with patient prognosis in many tumor types (Table 1) . For example, in a study comparing the expression of different genes from sporadic colorectal cancer (CRC) patients with Fig. 1 The polyamine-hypusine pathway. The most common polyamines are putrescine, spermidine and spermine, which are predominantly derived from the amino acids ornithine and methionine. One of the polyamines, spermidine, is used as the substrate to synthesize a unique amino acid coined hypusine, which is covalently linked to the lysine-50 residue of eIF5A. In cancer cells, ornithine decarboxylase 1 (ODC1), the enzyme catalyzing the first step of polyamine biosynthesis, is often up-regulated, especially in Myc-driven malignant cancers, which in turn, increases levels of polyamines. As a result, the levels of polyamines are elevated in cancer cells. 2-difluoromethylornithine (DFMO) is suicide inhibitor of ODC1 and has shown impressive efficacy in several clinical cancer prevention trials, including colon and prostate cancer. Hypusination of eIF5A is mediated by two enzymes, DHPS and DOHH. Hypusination is conserved among all eukaryotes. MAT methionine adenosyltransferase, SAM S-adenosyll-methionine, AMD1 AdoMet decarboxylase, SRM spermidine synthase, SMS spermine synthase, SMO spermine oxidase, SSAT spermidine/spermine N 1 -acetyltransferase, PAO polyamine oxidase first diagnosis less than 50 years of age vs. normal colon mucosa tissues (Tunca et al. 2013) , eIF5A1 was one among the top four up-regulated genes in colon tumors. In addition, elevated levels of eIF5A1 were associated with poor prognosis in early onset CRC. Immunohistochemistry (IHC) analysis of human gastric cancer (GC) and its adjacent normal tissues revealed that elevated levels of eIF5A2 and its potential target metastasis-associated protein (MTA1) correlate with more advanced stages of disease, and with lymphovascular invasion (Meng et al. 2015) . Furthermore, elevated levels of eIF5A2 are highly correlated with poor prognosis of GC patients and with advanced clinical stage in non-small cell lung carcinoma (He et al. 2011) and ovarian cancer (Yang et al. 2009 ). Therefore, eIF5A2 may serve as a prognostic marker of some tumor types. Finally, survival analysis of neuroblastoma has shown that high levels of DHPS expression correlates with poor prognosis (Bandino et al. 2014) . 
Roles of hypusination in cell growth and tumor development
The generation of knockout mice of eIF5A1, Dhps or Dohh revealed that all three are essential for early embryogenesis, whereas heterozygous mice are viable and fertile (Nishimura et al. 2012; Pallmann et al. 2015; Sievert et al. 2014; Templin et al. 2011) ; thus, hypusination of eIF5A1 is essential for survival and development of mammals. Interestingly, homozygous eIF5A2 knockout mice are viable and fertile (Pallmann et al. 2015) . Whether this is due to functional redundancy of eIF5A1 and eIF5A2 remains to be investigated. Several studies have demonstrated that depletion of hypusinated eIF5A, via siRNA-or shRNA-directed eIF5A knockdown, or by inhibiting DHPS enzymatic activity using the competitive spermidine analog N1-guanyl-1,7-diamineheptane (GC7), inhibits tumor cell growth ex vivo and tumorigenic potential in mouse xenograft models (Table 1) . Interestingly, silencing of eIF5A1 in colon adenocarcinoma cell lines (HT-29) has little effect on cell proliferation (BrdU assay) or cell growth (XTT assay) (Taylor et al. 2007 ), suggesting, perhaps, that expression of eIF5A2 serves essential roles in these cells. Indeed, elevated levels of eIF5A2 have been detected in several cancer types, including those bearing amplifications of chromosome 3q (where eIF5A2 resides), which are found in lung squamous cell carcinoma and ovarian, esophageal, breast and prostate cancers. In such tumor cells, eIF5A2 knockdown usually impairs cancer cell growth ex vivo and tumorigenic potential in vivo (Table 1) . Furthermore, eIF5A2 behaves as an oncogene that induces morphological transformation and tumors when overexpressed in immortal hepatocytes (Guan et al. 2004) .
DOHH is a dinuclear iron enzyme that catalyzes the second step of hypusination, hydroxylating the intermediate deoxyhypusine residue to form hypusine. The poly(rC)-binding proteins PCBP1 or PCBP2 serve as iron chaperones for DOHH and, accordingly, knockdown of PCBP1 and/or PCBP2 reduces levels of iron-bound DOHH and its enzymatic activity, and leads to reductions of hypusinated eIF5A1 (Frey et al. 2014) . Thus, DOHH is inhibited by iron chelators, such as ciclopirox (CPX), an antifungal agent (Subissi et al. 2010) , or deferiprone (DEF) (Abbruzzese et al. 1991) , which is used to treat iron-overload thalassemia caused by repeated blood transfusions (Neufeld 2010) . Both CPX and DEF inhibit the growth of cancer cell lines ex vivo (Clement et al. 2002; Eberhard et al. 2009; Luo et al. 2011; Zhou et al. 2010 ) and impair tumor growth in vivo (Kim et al. 2011) . Finally, treatment of cancer cells with CPX or DEF inhibits hypusination of eIF5A1 and leads to the accumulation of the immature and inactive form of eIF5A containing deoxyhypusine (Memin et al. 2014 ).
MicroRNAs (miRNA), a class of small (~22 nucleotide) non-coding RNAs that direct the destruction or that impair translation of their target mRNAs, have also been shown to regulate the polyamine-hypusine circuit. Specifically, the miRNAs mir-331-3p and mir-642-5p control DOHH expression, and reduced expression of these two miRNAs in prostate cancer cells leads to elevated levels of DOHH expression. Furthermore, overexpression of miR-331-3p or miR-642-5p reduces DOHH mRNA levels and inhibits cancer cell proliferation (Epis et al. 2012) , and combined inhibition of DOHH by these miRNAs and the iron chelator mimosine shows synergistic inhibitory effects on cell proliferation. Interestingly, miR-331-3p was previously identified as a tumor suppressor that regulates ERBB2 expression (Epis et al. 2009 ), and its control of DOHH suggests that hypusination also contributes to tumorigenesis.
Several independent studies have shown that eIF5A1 is required for cell proliferation and that eIF5A1 or eIF5A2 overexpression in cancer cells contributes to tumorigenic potential (Table 1) . However, in stark contrast, a shRNA screen by Scuoppo et al. identified four genes of the polyamine-hypusine pathway, specifically eIF5A1, Dhps, spermidine synthase (SRM), and adenosylmethionine decarboxylase1 (AMD1), as tumor suppressors (Scuoppo et al. 2012) . Specifically, knockdown of these genes in hematopoietic stem cells (HSC) from Eμ-Myc transgenic mice, a validated model of human B-cell lymphoma, and transplant studies, showed that knockdown of these polyamine regulators accelerated lymphoma development in recipient mice. Although these findings contrast with those of others, one possible explanation is that shRNAs that target these genes were expressed in all HSC-derived cells, which could affect immune surveillance.
Invasion and metastasis
Most cancer patients succumb to cancer due to metastases. To define differences between primary tumors and metastases, the Golub laboratory compared gene expression profiles of metastatic adenocarcinoma of several tumor types and unmatched primary adenocarcinomas (Ramaswamy et al. 2003 ). This study identified 17 genes that are associated with metastasis and showed that primary solid tumors with this gene expression signature were most likely to metastasize and have poor prognosis. Interestingly, DHPS was one of the eight genes that were up-regulated in the metastatic gene signature.
Supporting important roles in metastasis, eIF5A2 overexpression promotes epithelial-mesenchymal transition (EMT) and leads to metastasis in hepatocellular carcinoma (Tang et al. 2010) , non-small cell lung cancer (NSCLC) (Xu et al. 2014 ), esophageal squamous cell carcinoma ) and bladder cancer (Wei et al. 2014) . For example, inhibition of hypusination by GC7 treatment, or the depletion of eIF5A2 by siRNA or shRNA, provokes a mesenchymal to epithelial transition, where there are increased levels of the epithelial markers E-cadherin and β-catenin and decreased levels of the mesenchymal markers vimentin and fibronectin. Finally, inhibition of hypusination reduces cell migration and invasion in wound healing and matrigel assays, respectively (Xu et al. 2014 ). Similar findings have been reported in bladder cancer (Wei et al. 2014 ), where eIF5A2 depletion or overexpression in xenograft studies was shown to impair or augment metastasis, respectively (Wei et al. 2014) . Finally, overexpression of eIF5A2 and its potential target MTA1 have been correlated with disease progression, and knockdown of eIF5A2 in human gastric cancer cells up-regulates E-cadherin and down-regulates vimentin, cyclin D1, cyclin D3, c-Myc and MTA1 (Meng et al. 2015) .
Pancreatic ductal adenocarcinoma (PDAC) is one of most deadly cancers, and most PDAC have metastasized by the time of first diagnosis. Notably, eIF5A1 knockdown reduces PDAC cell migration, invasion and metastasis to the liver (Fujimura et al. 2014 (Fujimura et al. , 2015 . Furthermore, these studies identified Pseudopodium-enriched atypical kinase 1 (PEAK1) (Fujimura et al. 2014) and RhoA/ROCK (Fujimura et al. 2015) as eIF5A1 downstream targets using bioinformatics analysis combined with proteomic profiling. Collectively, these findings, from several independent studies and laboratories, and on several cancer types, indicate that overexpression of eIF5A1 or eIF5A2 promotes tumor metastases.
Potential eIF5A translational targets
EIF5A and its bacterial ortholog EF-P are required for efficient translation of mRNAs containing consecutive Pro motifs (PPP or PPG) (Doerfel et al. 2013; Gutierrez et al. 2013; Ude et al. 2013 ). Genome-wide analyses of proteins-containing poly-Pro motifs have revealed that 23.7 or 19.9 % of human proteins contain one or more PPP or PPG motifs, respectively (Mandal et al. 2014) . Functional classification of human proteins with PPP motifs showed that these proteins are involved in DNA binding and transcription (31 %), RNA processing, splicing and metabolism (17 %), the actin cytoskeleton (11 %), and signaling/ligand/ receptor pathways (8 %) (Mandal et al. 2014 ). The next logical question would be which of these eIF5A translational targets contribute to tumor development. This question can be addressed by two approaches. One is a sequence-based manual search, where one could look for known oncogenes among the genes containing poly-Pro motifs. The second approach is an unbiased genome-wide search using ribosome profiling technology (Ingolia et al. 2009 ), which allows one to identify the regions of mRNA where ribosomes are stalled during active translation. Using this technique, one could evaluate if ribosomes are indeed stalling at poly-Pro codons when hypusination is inhibited.
The search for such eIF5A translational targets has just begun. One appears to be the aforementioned PEAK1, a non-receptor tyrosine kinase that promotes progression of pancreatic ductal adenocarcinoma (PDAC). PEAK1 contains poly-Pro motifs, and depletion of both eIF5A1 and eIF5A2 or inhibition of hypusination by treatment with GC7 or CPX results in reduced protein levels of PEAK1, suggesting that PEAK1 is one of the targets of eIF5A (Fujimura et al. 2014 ).
The polyamine-hypusine circuit as a therapeutic target in cancer
Agents that block the function of the key enzymes of the circuit, DHPS, and DOHH, as well as their substrates spermidine and eIF5A, markedly impair tumor cell growth, progression and maintenance of the malignant state. Hypusination of eIF5A is the sole role of DHPS and DOHH, and no other enzymatic targets have been found. Thus, the polyamine-hypusine pathway is attractive as a prognostic, prevention and therapeutic target. SNS01-T is a polyethylenimine (PEI)-based nanoparticle containing both siRNA targeting eIF5A1 and an overexpression plasmid expressing the non-modifiable eIF5A-K50R mutant under the regulation of B-cell specific promoter (Francis et al. 2014 ). This nanoparticle was developed based on the finding that overexpression of unhypusinated eIF5A induces apoptosis (Sun et al. 2010 ). SNS01-T has been shown to impair tumor growth in xenograft models of B-cell cancers (multiple myeloma, mantle cell lymphoma, and diffuse large B-cell lymphoma) (Table 2) , and is currently being tested in a Phase1b/2a clinical trial for these B-cell cancers. In addition, combinatorial treatment of SNS01-T with the current standards of adjuvant therapy, lenalidomide or bortezomib, have shown synergistic effects and enhanced survival relative to the treatment with either drug alone ( Table 2) .
As noted above, several studies have shown that the DHPS inhibitor GC7 inhibits the growth of many cancer types. Furthermore, a few combinatorial treatments with GC7 have been tested (Table 2) . For example, patients with chronic myeloid leukemia (CML) are commonly treated with imatinib, which inhibits BCR-ABL tyrosine kinase. Interestingly, proteomics analyses of imatinib-treated BCR-ABL-positive leukemia cells (K562 cells) revealed the down-regulation of eIF5A1 (Balabanov et al. 2007 ). Furthermore, co-treatment of imatinib and GC7 or with siRNA targeting eIF5A1 showed synergistic effects in inhibiting leukemia cell proliferation.
Although GC7 is commonly used to inhibit DHPS enzymatic activity, its clinical utility is unclear given concerns regarding specificity of this agent. Specifically, GC7 is spermidine analog, and thus, it can potentially affect other key targets of spermidine, including SAT1 (spermidine/spermine N(1)-acetyltransferase), a key regulator of polyamine catabolism (Pegg 2008) , inward rectifying Kir2.1 potassium channels , and flux through the autophagy pathway (Eisenberg et al. 2009 ). Indeed, GC7 has documented effects on autophagy when used at higher concentrations (200 μM) (Oliverio et al. 2014) .
CPX and DEF inhibit DOHH, which, in turn, inhibits hypusination of eIF5A, and both drugs have anti-proliferative, anti-tumor (Zhou et al. 2010 ) and anti-angiogenic (Clement et al. 2002) effects. Specifically, CPX impairs lymphangiogenesis by inhibiting tube formation of lymphatic endothelial cells, possibly through suppression of a VEGFR3-mediated ERK signaling pathway (Luo et al. 2011) . Based on these promising results, the iron chelators CPX and DEF are being considered as potential therapeutic agents for treating cancers. Indeed, CPX has been tested in the phase 1 clinical trial for individuals with relapsed or refractory hematologic malignancies, and these patients displayed some hematological improvements (Minden et al. 2014) . However, as an iron chelator, CPX has many cellular targets, for example, iron-dependent enzymes, such as ribonucleotide reductase (Eberhard et al. 2009) , and the Wnt signaling pathway (Song et al. 2011) . Thus, the anti-tumor activity of CPX most likely reflects pleiotropic effects on diverse cellular pathways. Reduced inflammation and increased survival Moore et al. (2008) Hypusine and other diseases
Knockdown of eIF5A reduces inflammatory cytokines and increases survival in a mouse model of severe sepsis and acute lung injury induced by lipopolysaccharide (Moore et al. 2008) . Furthermore, hypusinated eIF5A regulates the levels of inducible nitric oxide synthase and pharmacological inhibition of hypusination or depletion of eIF5A protects against glucose intolerance in inflammatory mouse models of diabetes Robbins et al. 2010) . Finally, Dhps heterozygosity attenuates acute cytokine signaling in mice (Templin et al. 2011 ). Thus, targeting hypusine pathway can also impair the inflammatory response, which is a known driver of tumor progression (Lasry et al. 2016 ).
Conclusions and perspectives
Great progress has been made towards understanding the role of hypusine in cancer, where there is growing evidence that inhibition of hypusination inhibits tumorigenesis. Indeed, the preponderance of studies indicate that hypusination of eIF5A is required for tumor maintenance and disease progression. However, important questions still remain regarding how hypusinated eIF5A contributes to tumorigenesis and how to selectively target tumors. First, there appears to be context specific effects of eIF5A on tumorigenesis, where overexpression of eIF5A2 can render the liver cell line LO2 tumorigenic, but not NIH3T3 fibroblast cells (Guan et al. 2004 ). Second, there may be deleterious, non-tumor cell autonomous effects of targeting hypusination, for example on immune surveillance, which might explain the paradoxical findings that shRNA targeting eIF5A1 or Dhps in HSCs can accelerate the development of Eμ-Myc lymphomas (Scuoppo et al. 2012) . Alternatively, eIF5A1 may functions as both a tumor suppressor and oncogene and these roles may switch between tumor initiation and progression. To understand tumor development from initiation to progression, rigorous analyses of tumor cell intrinsic versus extrinsic effects of the hypusine circuit are clearly needed. Recently developed DHPS, DOHH, and eIF5A2 conditional knockout mice will be useful tools for such studies. The recent discovery of the biochemical function of eIF5A in directing the efficient translation of a select cast of mRNAs having consecutive poly-Pro codons allows the field to identify eIF5A downstream targets. The challenge is that there are so many candidates. Indeed, 24 % of human proteins contain PPP motif and 19.9 % contain the PPG motif. Future work is needed to identify which of these eIF5A translational targets are directly associated with tumor initiation, maintenance and/or metastasis. Finally, recent studies suggest that not all poly-Pro containing proteins are eIF5A (or EF-P) dependent, and that some proteins lacking poly-Pro codons are independent of eIF5A (or EF-P) (Fujimura et al. 2015; Memin et al. 2014; Woolstenhulme et al. 2015) . Now that our knowledge of the anti-proliferative effects of hypusination inhibition on cancer cell growth is solidified by many independent studies, research in the field should move towards the development of therapeutic compounds targeting polyamine-hypusine circuit, focusing on future clinical application. In addition to screens for small molecules that selectively inhibit the function of DHPS, DOHH and eIF5A, structure-guided design will no doubt contribute to the generation of potent and selective inhibitors. Indeed, the structure of human DHPS bound with its cofactor NAD+ and the inhibitor GC7 revealed the mechanism of enzyme function (Umland et al. 2004 ) and provides a basis for inhibitor design. Furthermore, the cryo-electron microscopy structure of yeast eIF5A bound to 80S ribosome at 3.9 Å resolution supports a model where eIF5A facilitates the efficient transfer of the nascent polypeptide chain during synthesis of structurally restricting amino acid stretches, including polyprolines (Schmidt et al. 2016) , and again this structure can be exploited in the design of small molecules that specifically inhibit eIF5A.
Of course, there are several roadblocks to generating small molecules that selectively disable the polyaminehypusine circuit. First, such small molecules need to have proper pharmacokinetic and pharmacodynamic properties, and they will need to be unique chemical matter, so they are patentable and can move forward into the clinic. Second, the field needs to rigorously assess if there are possible risk factors of disabling hypusination, to confirm there is a suitable therapeutic window for any such agents that are developed. Third, specific biomarkers of the in vivo response to such agents need to be identified and validated. For example, a CLIA-certified assay that determines levels of hypusinated eIF5A in tumor biopsies (e.g., an ELISA assay or an IHC test) would be an important step to validate on-target effects of agents that ostensibly selectively inhibit DHPS, DOHH, and/or eIF5A. Finally, potential mechanisms of resistance to such agents need to be identified.
Despite these challenges, targeted drugs that disable hypusination of eIF5A by DHPS and DOHH can also be combined with the other therapies to effectively treat cancer patients. Furthermore, such treatments could be tailored to those tumors showing high levels of hypusinated eIF5A (personalized medicine), to improve the likelihood of an effective therapeutic response.
